12 United States Patent

US007483403B2

(10) Patent No.: US 7.483.403 B2

Herrmann et al. 45) Date of Patent: Jan. 27, 2009
(54) PROTOCOL FOR RELIABLE, 5,854,994 A 12/1998 Canada et al.
SELF-ORGANIZING, LOW-POWER 5,940,771 A 8/1999 Gollnick et al.
WIRELESS NETWORK FOR SECURITY AND 5,952,421 A 9/1999 Bradley et al.
BUILDING AUTOMATION SYSTEMS 5,974,236 A * 10/1999 Sherman .......cccccouun..... 709/221
6,078,269 A 6/2000 Markwell et al.
(75) Inventors: Falk Herrmann, Mountain View, CA 6,192,230 B1* 2/2001 van Bokhorst etal. ... 455/343.3
(US); Arati Manjeshwar, Sunnyvale, 6,208,247 B 3/2001 Agre et al.
CA (US); Jason Hill, Oakland, CA (US) 6,255,800 Bl 7/2001 Bork
6,255,942 Bl 7/2001 Knudsen
(73) Assignee: Robert Bosch GmbH, Stuttgart (DE) 6,292,098 B1* 9/2001 Ebataetal. ................. 340/506
6,304,556 B1* 10/2001 Haas .....covevvevrivvinninnnn 370/254
( *) Notice: Subject to any disclaimer, the term of this 6374311 Bl 4/2002 Mahany et al.
patent 1s extended or adjusted under 35 6,418,526 B1* 7/2002 Denman etal. ............... 712/16
U.S.C. 154(b) by 869 days. 6,580,715 B1*  6/2003 BArC eeveveeeeeeeoeeernnnn, 370/396
6,624,750 B1* 9/2003 Marmanetal. ............. 340/506
(21)  Appl. No.: 10/301,478 6.868.079 BL1*  3/2005 TIUNL oo 370/345
: 7,126,926 B1* 10/2006 Bjorklund etal. ........... 370/328
(22) Filed: Nov. 21, 2002 2002/0055989 Al*  5/2002 silringer-(:alvert etal. .. 709/220
(65) Prior Publication Data
US 2003/0152041 Al Aug. 14, 2003 * cited by examiner
Related U.S. Application Data FOREIGN PATENT DOCUMENTS
(60) Provisional application No. 60/347,569, filed on Jan. DE 101 14 313 5/2003
10, 2002. EP 0 833 288 4/1998
EP 0874 341 8/2003
(51) Int.CL
HO04B 7/00 (2006.01)
H040 7/00 (2006.01) Primary Examiner—Duc Nguyen
HO4L 12/28 (2006.01) Assistant Examiner—Michael T Thier
(52) US.CL i, 370/310; 370/254 (74) Attorney, Agent, or Firm—Kenyon & Kenyon LLP
(58) Field of Classification Search ................. 370/216,
370/217, 221, 254, 255, 256, 310, 328,338,  ©O7) ABSTRACT
370/350
See application file for complete search history. A method to wirelessly network a sensor/actuator node 1s
(56) References Cited described. The sensor/actuator node 1s 1stalled 1n a sensor/

U.S. PATENT DOCUMENTS

4,584,643 A * 4/1986
5,036,518 A * 7/1991
5,553,076 A 9/1996
5,673,031 A 9/1997
5,790,952 A 8/1998

Halpern et al. .............. 709/248
Tseung ......covvveennn.. 714/748
Behtash et al.

Meler
Seaholtz et al.

401 402

(

actuator node network and arranged 1n a hierarchical manner
with a plurality of node levels and a cluster head network. A
unique node 1dentifier 1s assigned to the sensor node and the
sensor node network 1s nitialized. The sensor node 1s woken-
up to perform a task and then set to an active low power mode.

26 Claims, 9 Drawing Sheets

403

"
Sla:p Warm up
fnode receiver

A

"
Stop Rx <

Preamble?

Y

407
earch Start Symbol
until timeout

N
Start Symbol? >

’
> Start Rx
406 i 404
v
N RSS| » _ -
Threshold? R3S! Reading
. 405
Search Preamble
until timeout
4
408
A
Read Packet Header
¢ }ﬂ?

Y | Receive Packet,
Perform Task

N




US 7,483,403 B2

Sheet 1 0of 9

Jan. 27, 2009

U.S. Patent

lt[ll'lllllllI_lIII'IIIIIII'IIIl_lllFIlllllllllllll'lltllilllllltll

01

POI

.:....\NWHH”U...-..-}.-[ 201 —

tOl1

A

, /BuljpueH jax)0ed
A7 _

[Buipuad }a)oed

afbessay wue|y

291818 uely

(S/p)
dnajeps 4y

R

(44/4)
uoisiAledng

jy d—

901

A

¢pasde|q swiy
uolisiAledng

¢

M/U J0SUDS

JO uonezjjeniu|

— S S ey

M/U HD
Jo uonezijeniuj

V1 TINOIA

801

101

e)yepdn smels
juonjeanbijuossy

Pkl —

(P/1) __

_ aoueUdUIBW YUl

A

¢pasde|3 awi]
JUIBIAL YUl

uonnquisip Aay -
Lo199}102 ] -
sepou Jo uone|jesuy -

HES




US 7,483,403 B2

Sheet 2 0of 9

Jan. 27, 2009

U.S. Patent

(8|e2s 0] JOou}
A"

1 ¢uy

-0 ——

N

z-0 T

A

_
)

=2

— N
I

[

b2 L

I-+ll_ll._lll

AN

_
|
— _

SPOU 7 [9A8] [82130]
S0 pUB 3pOLU [ [2AJ] II0
im "8a1 mou ‘¢ aseyd ur

HD /M "8l J0U pInod ¢-] 3poON

|

|
*
|
¢

|

L

L' L

|

—_ —— ——r e e o el E——a— T WS EET WS T T TS T W W T e e e

|
k
|
|
)
I
|
|
)
1
_
|
|
_
_
.
_
_
_
_
,
!
|
|
|
|

!

|
|
|

|

— | * | _
SEE
5 |© | HUlL dnayem 44
2 |8 =dunw e
@ | 20 11SESPEOI] "
“HERRA NS "
2 |21 saponh i)}
2|8

e

= i

— e T mges gy egye s L NS - B e e B e e - —_—

| |
k ]
. — L I—
I N | N
1 T il
il | eubis
P lao _ _ !
S |31 o dnaxem 4
— | |
o [S o _ ans7 |
2 |7 edynu H dihd
2 [& 1 1seopeosg " |
Q |« . !
3 (@ WHO "
o !
=re | f_
Q | _
- | _
| |
| |
| ]
ﬂ "
; {
| |
{ |
I I
_ |
| |
\ ]
| |
| ]
| |
i )
i i
| |
| |
| |
| |
| )

dl ddOld

}_T

I N

SpesH
18918N|19

HO
10 abue.

bunesy
Ul sepou
= | |[@Aa"

L |9AD]
10 abuel
Buuesy
Ul s&pou
= 7 |2AS7

L-U [8AS7
10 sbue.

Bunesy
Ul sapou
= U |{8A87



US 7,483,403 B2

Sheet 3 of 9

Jan. 27, 2009

U.S. Patent

af)siujwisla 10 paziwopuey ‘payjjo|s-awdi|

(a1e0s 0} Jou) paziuiopuel Ajjnd

} xz | s e £ 2'C 1T
Mw —+ ﬂ m 1 - spesH
o o H _ " S _ 181sN|5
wo T I \J _
A EHEDE I
. m m m _F m L m () | |
NI o ﬂ (. HO
< _ .\ " m Nl _ | | jo abue.
-1 i S _ _ “ _ . | 1 ? i ._ — Bulleay
-1 S S | i m S NN N | — .L | ui sepou
-1 T _ 1! ”_i.. | I._“_ > ! | _Ilml m . m _”... 11 _ = | |9A87
- m I m m y _ 5 A
O et i
SE | } ) m | m F L ) ) §: L, __
AR W M ; VLU  jore
\l.\ “_ 0] m ( m | m ( m < | / c ( ( N Jo abue
] i ]| “ h .(r _, H — , buliesy
e T I L I O LA T I L sepou
e 1 S W _ 1 lon v H MHH R OHLT
¥z T b " I — 1 : _ = Z [9ne1]
| L L m m
- __ } “ _ " " \A, > b
e m m m
| ( m m & m M | d | L-U |9A7
- " ] _ a AERTIRY | ,\ . \ | jo ebue
| -U | )] [ 1 “ | . 1 I'.l/ 4 B
-U i _ ) __ . | H . . I 1 i { uieay
N_-c 1 _ “ 4 R m_ " - ! 1 ur sapou
. ) _ I ! | _ - ) \/ Y, = U |9Ad7]

¢ HdDOIA



o\
aa
UOI1BI1SIBSY SPON 9SIM-|9AST Pano|s-alli |
3¢ (5]80S 0} 10U) ucljelisibay spON |ENPIAIPU] pazZivdopuey
4
e } ¢'¢ AR 1€ : ¢
% -
’ A S | S S [ —— speeH
¢ 7 A _ ] _H | B ] 1?18n(0
— wo T W w S T T S S T S T N S
m m “_ gl
| | * w m:._
" _ ZleAsio} | |2 A
ﬁ_ _ﬂ Aieaboy, || | x| 2
m m 5DuoIeg m w 2 mIo
! | __ | 3 G Jjo abuel
-1 _ | _ B 3 Bulesy
w 7.1 A S N YAy ) Yl u| sspou
= o Y| A | 1 / J A A = .r ELCR
2 m m m 2|
L “ " “ 3| |
— “ " " 2|2
7 " " “ _ 23
! | _ 0o —a
" " “ ~ 10 abuey
= “ " "
: S et it 1 s S | . 1000
S AN “ e _ |, ,N_mmm._
S a2 " m 3 -
“ “ “ “ K
= m m m =2
= " “ “ 2l |8
“ “ " 91e
" ﬂ I | :
I _ ) _ = _1 Ll _m_}.ml_
Sl — S 1 V1 T — Y — Buliesy
A —_— - -— — —_— T 1 |}l s3pou
vy ——— - i — _
| i | ! = U [PADT]

U.S. Patent

¢ d(1DI1d



U.S. Patent Jan. 27, 2009 Sheet 5 of 9 US 7,483,403 B2

o O T X Oy — O AN
| cd O O -—— o O O -
Q
S R S VIO F IO PO A I R | S A 9
)
| r = -
3 o
N A0V - | ] g
| Z-¢ lgeys3 jodol [ OV o -

ﬁ | ¢-¢ 19€e)S3 [0odo]]
) -
:

WOV 1880 + Ul g
l | | 1 1geIs3 ‘Jodo < O
O
— d

) A vd
.-( —— .
l lL-¢ '|geis3 ‘jodoj 1Y
L-€ '|qeys3 ‘jodot

FIGURE 4A
— -

=il | i
OV, | >
L 1 Oy
-¢ "1ge1s3 1odoy 2
L-€ "lqeIs3 ‘todo) [ — _ \OV <
| t 1-€ ‘jqeis3 jodoy -
= 1-€ "19e1s] ‘jodo] '
|
O
N e 0,
| l """"""""""" T 3
LS,
T | )
| — o
MOy |
sl | n =
| | -2 ‘19e1s3 fjodo) —— P < *°
¢-C I9EIS] [odo Q
| l*— =
D
e [ E O e . - >
| ] iH @
i | —!
| PV 1S9 + HUl . A
| -] — <
| -1 “19ejs3 jodo
-
Ho — — It~ — o~ y—
c— OO .~ N DO — — OO O
DO ST TOC ST RO 7 g
>0 @ 2 > > T 0 2 > > T G 2 5 @
© O @® T =
822s8 2228 822806 O T



US 7,483,403 B2

Sheet 6 of 9

Jan. 27, 2009

U.S. Patent

11

el

J8)j0ed BAIBI3Y

Buipesy ISSH  —

yse| wJiopiad

jnoawl} |un

189peaH 19)oed peay

[OqWIAG 1ielS _l_u._mmﬁ

L0V
A
Jnoswy nun .
a|quieald yoiess ._ ialquieasd "R
cop "L —
A
:
LPIoYSalY L xy doig -
<|SSH
901 - ——— o
| 18A1893))
dn wLepp
S
c0F (0%

d Hd1D1d




US 7,483,403 B2

Sheet 7 0of 9

Jan. 27, 2009

U.S. Patent

(31898 03130U) 5101 5UO 0} JSEDIUN

]

AV

A0V

S|9A3| |BJOASS Ul SBPOU 0] 1SEDIIINIA

AV

 [9A3) 0]
abessaul
1I01JUOD
ISEDNRINW
PJEMIO]
AT

1

)
o S |eubis
| g dnasem |
= 44
g 1 1eneT 5
-
O
o1
(D
| o _ < _

(.

AoV

S8pouU 291
ELEIR!
abessawy

10JJUCD
1SEININU

WL 4O

hr—

eubis
dnayem

=R
C |3AS]

leubis
dnayem 4y
| 18A87

HEN

spesH
191SN|D

HO
Jo abuel

bBullesy
u| sapou
= | |9AS7]

| |2AS7
JO abue.
buiieay
ul sapou
= ¢ |9ADT

L-U |8AD7
JO abuei

Buiieay
Ul $apou
= U |8A37]



US 7,483,403 B2

Sheet 8 0f 9

Jan. 27, 2009

U.S. Patent

(3]B2S 0] 10U)

Buipoo|4 pejoalI

) HO 8uo 0} 1sediun ]
|- — A Y - sSpeanH
=) - - —
C | - 181sn10
Lu-2 =
e |
~ | |3 2 | 1)
< 3 [
E S |
a i
= HO
= 10 abue)
L-1 Y N ) | | Buliesy
Z-| _. ﬁ | Il ﬁ Ul sapou
-1 — - — 7 - = | |2A=T]
g W > < _.J /
SlE ol | & sjoyoed
= ieufdis 3 Wwigje jeubis
o dnaxem N }SEOPEONIQ dnasjem
2 4y " 0 4y L 19AST
T L |8A8T aousnbag NELER JO abue.
- o= Bueay
L=C V[ .
¢ ¢ Th " S _ Ul sapou
N2 - = 7 |9AD7]
> || &
~ 113
= |eubis
¢ dnaxem
N e L-U |9AS1]
- T  Clend] j0 abue!
- - 7 — buliesy
" _ — Ui 83pou
t = U |3A27

9 Hd1DIA



}

(e1e2% 0] 10U)

AR

1/ S[9AST 10} SIO[S BWIl]

el

S]O[S BWI) paseq |eAs] pliyd-jualed _

AXAY AV

ZIE S[9AeT 10} S10(S dWi |
'L, AN V'L L

US 7,483,403 B2

] | l | ) I l
: “ . “ ; ﬂ :
m _ ) : | ) P ! v
i ] ) _ » | L I I | |
1 ] ey ] e ———————_————e T e —— mr— — i
_ hﬁ i | | | t
’ 4 4 : e P E— 3.3 | T —— e i —r - —————————— —
ﬁ | _ _ _ ) ﬂ _
] “ " " “ _ ,
3 _ | | _ b [ u
_ i | i l { i
_ I | } I i i
i I i | I f i
| | | | | | J
| ) 1 | I | )
| f I ) | | i
i 1 | I I I |
I f | | i ; |
" _ “ " _ _T _
| l | | | | *.
“ __ " " " d #
J | | | F " ___
- i e —— e i e et t———— -
N | X ! | } m I.u. ﬂ
= | i " | “ “
' 4 S— : e
e “ " “ Ao “ " “
L | H " " | ——
O " “ | " _ a)e1s 1amod “
m\nu | “ i " ! MO] BAOE Ut Urews. !
“ _ | “ " S3pOU JBYJ0 (e ‘sAlloe ale _
[ i I ] |
“ | | | " 10|S Jenojued e 0] panolje m
_m | ! " " sired p)iyo-ualed syl Ajuo !
I | | | | |
| Fo 1T iill‘
mw | m h | _ _ _
e i— - ; R - R
0 i ; | | k I i
e _ “ i __ iI“. . i i...“. T
o * | __ ! I“| |
rS i T ——re———— I
= ” “ | | " “ |
g
: _“ m m “ " “ e
n | b | | -
= __ m " " ﬁ ﬂ QD
pmy ! | “ “ h “ " P,
I b | i i I ] —
| __ “ | | “ ﬂ 3
| “ " | “ “ “ =
_ _ | [ ) I ( D
_, ” " “ " " “ S
_ i . _ _ | _ ;. ._l( I
B | T ——— ] |‘||TI| | o
| | ] i } | |
) ' —— ¥ - b i ity —— ) e e T ————— —
| | | " | L _ _
— o . o i _...F_ ) T L 5 )
! ! ! ! ! ; !

U.S. Patent

speay
181sn|)

HO
10 abue.

buleay
Ui Sapou
= | |9AL7]

| [9AST
10 abue.
buneau
Ul sapou
= ¢ |PA37

L-U [9A7
10 abue.

Bulieauy
Ul s3pou
= U [9AD7]



US 7,483,403 B2

1

PROTOCOL FOR RELIABLE,
SELF-ORGANIZING, LOW-POWER
WIRELESS NETWORK FOR SECURITY AND
BUILDING AUTOMATION SYSTEMS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of provisional applica-
tion Ser. No. 60/347,569 filed Jan. 10, 2002, and 1s related to
the application entitled “Self-Organizing Hierarchical Wire-
less Network for Surveillance and Control” filed on Nov. 21,
2002, both of which are incorporated herein by reference.

FIELD OF THE INVENTION

The present mvention describes a protocol to wirelessly
network sensors and actuators for surveillance and control.

BACKGROUND INFORMATION

Networks may be applied for surveillance and control.
However, a substantial amount of the cost to implement such
networks may include, for example, planning the network,
installing the network elements, and configuring/reconfigur-
ing the arrangement of network elements. Furthermore, such
networks may include battery-powered devices that may
impose restrictions regarding resource consumption and/or
network topology constraints.

SUMMARY OF THE INVENTION

The present mvention describes a protocol to wirelessly
network sensors and actuators for surveillance and control,
including, for example, smoke detectors, motion detectors,
temperature sensors, door contacts, alarm sounders, or valve
actuators. The protocol may build upon a hierarchical system
architecture including at least two different node types of
varying complexity forming two independent networks (so
called cluster head and sensor/actuator node networks),
thereby avoiding a single point of failure. The entire system,
which 1s discussed in the United States Patent Application
entitled “Self-Organizing Hierarchical Wireless Network for
Surveillance and Control” filed on Nov. 21, 2002, may be
controlled 1n a distributed manner by a small number of
backbone nodes (so called cluster heads), and the information
about the entire network may be accessed at each cluster
head. For smaller systems, a single backbone node may be
used (e.g., a single cluster head).

The present mvention may also describe a protocol for
forming, maintaining, and using the sensor/actuator node
network. These sensor/actuator nodes may form an ad-hoc
multi-hop network with each other and with the cluster heads.
Since a majority of the sensor/actuator nodes may be battery-
operated, energy efficient may be a consideration. Hence, the
message overhead may be kept at a required minimum. In this
regard, the protocol may simultaneously achieve low power
consumption, while mamtaiming rehiability and scalability,
and rapid forwarding of occasional urgent messages. The
protocol may also allow the network to continuously improve
itsell and update information about the quality of all available
RF links in order to adapt to changing propagation conditions
and/or link/node failure. Upon installation, the sensor/actua-
tor node network may arrange 1tself based on global informa-
tion about link quality and connectivity shared and processed
at the cluster heads. User interaction during the setup, or
detailed planning may not be required. In case of link or node
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2

tailures, the protocol may allow for automatic reconfiguration
to ensure connectivity between the majority of the devices
throughout the operational lifetime of the system.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A 1s a flow chart representing an exemplary protocol
method to wirelessly network sensors and/or actuators.

FIG. 1B shows an exemplary message exchange diagram
for a temporary topology and establishment phase.

FIG. 2 shows an exemplary message exchange diagram for
a link discovery and assessment phase.

FIG. 3 shows an exemplary message exchange diagram for
a sensor node registration phase.

FIG. 4A shows an exemplary message exchange diagram
for distributing the established topology of the sensor node
network.

FIG. 4B shows an exemplary method for monitoring a RF
channel.

FIG. 5 shows an exemplary message exchange diagram for
transmitting high priority control messages.

FIG. 6 shows an exemplary message exchange diagram for
transmitting alarm messages.

FIG. 7 shows an exemplary message exchange diagram for
transmitting supervision messages.

DETAILED DESCRIPTION

In the following description, the term “sensor node” may
be used to collectively refer to both sensor nodes and actuator
nodes. Likewise, the term “sensor node network™ may be use
to collectively refer to networks consisting of sensors and/or
actuators. Communications within the sensor node network
may be based on carrier sense multiple access (CSMA) with
randomized back-oil. Transmitted packets may include a pre-
amble as defined by the physical layer, as well as a start
symbol and control bytes, a packet type, a packet length,
source and/or destination node 1dentifiers, and a cyclic redun-
dancy check (CRC). Optionally, transmission may be secured
via link layer encryption with the exchange of a shared key,
and authenticated with a message authentication code
(MAC).

FIG. 1A 1s a flow chart representing an exemplary protocol
method to wirelessly network sensors and/or actuators. In
step 101, the network nodes are installed, unique identifiers
(IDs) of the nodes are collected, and encryption keys are
distributed. A maximum communication distance between
two sensor nodes or between a sensor node and the closest
cluster head may limit the physical arrangement of sensor
nodes. Once arranged, the nodes may be activated and/or their
unmque node 1dentifier and geographic location may recorded
via a wire-based or wireless interface and/or a manual input
arrangement. For example, such activation or recording may
occur via an installation tool with a bar code scanner. Alter-
natively, each node may be programmed with a short 1ntra-
network ID, which may also serve as a reference for the user
to the physical location of the device. This may be achieved,
for example, by manual iput (e.g., dip switch array), or by
clectronically storing the ID 1n the sensor node. A panel PC
may further, for example, transfer the sensor node data from
the 1nstallation tool to one of the cluster heads. Upon activa-
tion the nodes remain in “active low power mode” as
described more fully below.

In step 102, the cluster head network 1s initialized. Initial-
1zation, as well as installation, of the cluster head network 1s
described 1n the United States Patent Application entitled
“Self-Organizing Hierarchical Wireless Network for Surveil-
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lance and Control” filed on Nov. 21, 2002. Alternatively, a
single base station may be used in place of a cluster head
network. However, 1n this document, the term “cluster head
network™ 1s used collectively to refer to either the single base
station or the cluster head network.

In step 103, the sensor node network 1s 1itialized by estab-
lishing a temporary topology, synchronizing the nodes, and
registering them with the appropriate cluster head. Following,
initialization, the sensor nodes may “retire” to the active low
power mode to conserve resources, such as, for example, to
conserve battery power.

In step 104, the sensor nodes may be “woken-up”, such as,
for example, one to four times per second, to receive a RF
wakeup message. Depending on the incoming transmissions
or the time elapsed, the sensor node may perform one or more
procedures. For example, if a packet 1s pending or an alarm
state 1s generated, then 1n step 105 a packet handling or alarm
message procedure may be performed to handle the incoming,
data or the generated alarm. Alternatively, for example, 11 a
supervision period has elapsed (e.g., once per hour), then 1n
step 106 a supervision procedure may be performed to check,
for example, the status of its children and/or parent node so
that 1n step 107 a reconfiguration/status update procedure
may be performed. Furthermore, for example, 11 a link main-
tenance period has elapsed (e.g., once per day), then 1n step
108 a link maintenance procedure may be performed. Once
the procedures have been completed, the sensor node may
return to the active low power mode and await another RF
wakeup message. Each of the procedures, as well as the
interactions between network elements 1s more {fully
described below.

The 1mitialization of the sensor node network may include
three phases, such as, for example, a Temporary Topology
Establishment & Synchronization phase, a Link Discovery &
Assessment phase, and a Sensor Node Registration phase. In
the Temporary Topology Establishment & Synchronization
phase and an 1nitial pre-operation topology for the sensor
node network 1s determined and the clocks of the sensor
nodes are synchronized. In the Link Discovery and Assess-
ment phase the connectivity between network elements 1s
examined and reviewed. In the Sensor Node Registration
phase the network elements forward information that was
gathered during the Link Discovery and Assessment phase to
the cluster head network.

FIG. 1B shows an exemplary message exchange diagram
tor the Temporary Topology and Establishment phase. A hori-
zontal axis t of the diagram representing time 1s segmented
into times slots 1.1.1 through 1.n.3. A vertical axis of the
diagram representing the hierarchical order of network ele-
ments 1s segmented into cluster heads at the bottom and
sensor nodes shown 1n an 1ncreasing level 1 through level n
towards the top. Each horizontal line above the time axis t,
represents a particular instance of a network element-either a
particular instance of a cluster head or a particular instance of
level 1 node or a particular instance of level 2 node or a
particular instance of a level n node. More precisely, lines c-1,
c-2, and ¢c-m represent the first, second, and upper limit indi-
vidual instances of the cluster heads; lines 1-1, 1-2, and 1-1
represent the {first, second, and upper limit individual
instances of thelevel 1 nodes; lines 2-1, 2-2, and 2-k represent
the first, second, and upper limit individual instances of level
2 nodes; and lines n-1, n-2, and n-1 represent the first, second,
and upper limit individual instances of the highest level
nodes. The shading surrounding a horizontal line indicates
the predominate activity or mode of the associated network
clement—a dark shading indicating a “‘transmit/receive”
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4

mode, a light shading indicating the “‘active low power”
mode, and a clear or non-opaque shading indicating an
“recerve-only” mode.

Arrows represent RF message transmissions between the
network elements. In particular, a “broad” non-opaque arrow
represents a broadcast message to all nodes within a particu-
lar level and a “thin” solid line represents a unicast message
sent to only one instance of a network element.

In time slot 1.1.1, the cluster heads simultaneously broad-
cast an “RF wakeup signal”. The receving nodes within the
transmission range ol the broadcast (i.e., “the first level
nodes™) change from the active low power mode to the
receive-only mode. Next, in time slot 1.1.2, the cluster heads
c-1 through ¢-m individually broadcast a predefined number
of “imtialization packets”. An imtialization packet may
include, for example, an identifier of the transmitting cluster
head, a counter, and a time stamp. Next, 1n time slot 1.1.3, the
receiving first level nodes synchronize their clocks, send a
“temporary registration packet” to the cluster head with the
best link quality as determined, for example, based on the
packet success rate and/or the strongest RF power level, and
then wait for acknowledgement (ack). Once acknowledged,
the first level nodes may remain 1n the recerve-only mode or
may return to the active low power mode until time slot1.2.1.

I no acknowledgement 1s recerved, the first level node may
attempt one or more retransmissions of the temporary regis-
tration packet. If after a predefined number of retransmission
attempts an acknowledgement 1s still not received, the first
level node may attempt contact the cluster head determined to
have the next best link quality. If after repeated attempts to
retransmit to a predefined maximum number of successive
cluster heads still results 1n failure to recerve an acknowledge-
ment, the first level node may return to the active low power
mode.

In time slot 1.2.1, the first level nodes 1-1 and 1-2, that
received an acknowledgement from a broadcasting cluster
head, then broadcast a “RF wakeup signal”. The recetving
nodes within the transmission range of the broadcast (1.e.,
“the second level nodes™) change from the active low power
mode to the receive-only mode. In time slot 1.2.2, the first
level nodes 1-1 and 1-2 then individually broadcast a pre-
defined number of “imtialization packets™. The mitialization
packets may include, for example, an 1dentifier of the trans-
mitting node, a counter, and a time stamp. In time slot 1.2.3,
the recewving second level nodes synchronize their clocks,
send a “temporary registration packet” to the first level node
with the best link quality as determined, for example, based
on the packet success rate or the strongest RF power level, and
then wait for acknowledgement. Once acknowledged, the
second level nodes may remain 1n the receive-only mode or
may return to the active low power mode until time slot1.2.1.

If no acknowledgement 1s received, the second level node
may attempt one or more retransmissions of the temporary
registration packet. If after a predefined number of retrans-
mission attempts an acknowledgement 1s still not recerved,
the second level node may attempt to contact the first level
node determined to have the next best link quality. IT after
repeated attempts to retransmit to a predefined maximum
number of successive first level nodes still results 1n failure to
receive an acknowledgement, the first level node may return
to the active low power mode.

In time slot 1.n.1, the process of nodes at a lower level
waking up nodes at a next higher level, allowing them to
synchronize and then temporarily register with the lower level
nodes, may be repeated until all nodes are activated or until
nodes of a predefined upper limit level have been activated.
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The predefined upper limit level may be user-defined, for
example.

FI1G. 2 shows an exemplary message exchange diagram for
the Link Discovery and Assessment phase. As in FIG. 1B, the
horizontal axis t represents time and the vertical axis repre- 53
sents the hierarchical order of network elements. Likewise,
the horizontal lines above the time axis t represent specific
instances of the network elements, shading surrounding a
horizontal line indicates the predominate activity or mode,
and arrows represent RF message transmissions. However, 10
unlike FIG. 1B, the time axis t of FI1G. 2 represents an overall
time slot 2 that includes an 1nitial fully randomized segment
tollowed by a time-slotted, randomized or deterministic seg-
ment representing two alternative approaches to link discov-
ery and assessment. 15

To discover links and assess them, the nodes and/or the
cluster heads may broadcast “link assessment packets™ to all
nodes within transmission range so that these recerving nodes
may build link statistics based on, for example, the power
level and/or packet success rate to the reachable network 20
clements. The link assessment packet may include, for
example, an 1dentifier of the transmitting node and a counter.

The number of link assessment packets broadcast should
be sufliciently large so that proper link statistics may be built
[collected and constructed]. Packet scheduling of the large 25
number of generated packets may be handled according to at
least two approaches, including, for example, the fully ran-
domized approach and the time-slotted randomized or deter-
minmistic approach. In the fully randomized approach, the
nodes, over a given period t, randomly broadcast a predefined 30
number of link assessment packets and attempt to recerve as
many packets as possible when not transmitting. Alterna-
tively, in the time-slotted randomized or deterministic
approach, the given period 1s divided into time slots 2.1
through 2.x, wherein 1n each time slot a series of link assess- 35
ment packets 1s transmitted. In the time-slotted randomized or
deterministic approach, each node transmits only within a
small fraction of an available time slot (e.g., less than 10%) so
that the probability of transmission is less than the probability
of receiving. The decision whether or not to transmit withina 40
particular time slot may be performed 1n three optional ways.

In the first case, a random decision 1s made at the beginning of
every time slot. In the second case, a pseudo-random algo-
rithm may be used to determine in which time slots transmis-
s1ion should occur and in which time slots recerving should 45
occur. The “seed” or basis for the algorithm may be unique for
cach node, such as, for example, the unique node 1dentifier or

a part of the unique node 1dentifier. If the seed and algorithm
are known by a cluster head, the cluster head may re-compute
transmission slots for each node. Hence, the cluster head may 50
determine those times slots during which interference
between neighboring nodes 1s likely to occur so that they may

be avoided during link assessment, thereby increasing the
reliability of link assessment of the network. In the third case,
the decision whether or not to transmit 1n a particular time slot 55
may be based on a code, such as, for example, an Orthogonal
Optical Code (OOC), which may ensure that any two nodes
interfere at most 1n only one time slot.

FIG. 3 shows an exemplary message exchange diagram for
the Sensor Node Registration phase. As 1n the previous fig- 60
ures, the horizontal axis t represents time and the vertical axis
of the diagram represents the hierarchical order of network
elements. Likewise, the horizontal lines above the time axis t
represent specific instances of the network elements, shading,
surrounding a horizontal line indicates the predominate activ- 65
ity or mode, and arrows represent RF message transmissions.
However, unlike the previous figures, the time axis t in FI1G. 3
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represents an overall time slot 3 that includes a randomized
individual node registration segment 3.0 followed by a time-
slotted layer-wise node registration segment 3.1 to 3.3 repre-
senting two alternative approaches to sensor node registra-
tion.

During sensor node registration, link quality statistics may
be forwarded from a sensor node to a cluster head via inter-
mediate nodes using “registrations packets”, which may
include, for example, the link quality data from all neighbor-
ing nodes or a selected number of nodes deemed to have the
best links, as well other data regarding their respective links.
Bi-directional link quality information may be achieved at the
cluster heads by combiming the unidirectional link quality
information from the two nodes of every node pair. Registra-
tion may be handled according to at least two approaches,
including, for example, the randomized individual node
approach and the time-slotted level-wise approach. In the
randomized 1individual node approach, packet routing may be
handled according to the exemplary temporary topology
establishment method discussed earlier and an optional end-
to-end acknowledgement may occur between the cluster head
and the sensor nodes. Alternatively, in the time-slotted layer-
wise approach, specific time slots may be used to register
nodes at each level, starting, for example, with the highest

level nodes. The registration data from the higher level nodes
may then be appended (1.¢., “piggy-backed”) to registration
packets transmitted by the lower levels. If required, the lower
level nodes may retransmait the registration packet. To ensure
a proper registration message exchange, sensor node regis-
tration may utilize active or passive acknowledgement. Upon
verification of a successtul exchange, the registered node may
retire to the active power mode.

Based on the link quality statistics recerved during sensor
node registration, the cluster heads may compute one or more
topologies for the sensor node network depending on the
particular function performed by the nodes. For example, a
“supervision tree” topology may be computed for nodes per-
forming a supervision function or an “alarm tree” topology
may be computed for nodes performing an alarm/control
message handling function. Such specifically defined topolo-
gies are more tully explained below.

The sensor nodes may be generally orgamized in a multi-
tree structure with a cluster head at each root of the tree. To
ensure an optimum topology, one or more factors may be
considered. For example, 1t may be desirable to use “good”
links (e.g., links not experiencing excessive packet retrans-
missions) to minimize message delay, to reduce power con-
sumption, to avoid collisions, to limit the maximum number
of'levels, and to balance the load placed on the network so that
the expected battery life of all nodes may be essentially equal-
1zed.

FIG. 4A shows an exemplary message exchange diagram
for distributing the established topology of the sensor node
network. As 1n previous figures, the horizontal axis t repre-
sents time and the vertical axis of the diagram represents the
hierarchical order of network elements. Likewise, the hori-
zontal lines above the time axis t represent specific instances
of the network elements, shading surrounding a horizontal
line 1ndicates the predominate activity or mode, and arrows
represent RF message transmissions. However, unlike previ-
ous figures, the time axis t 1n FIG. 4A represents an overall
time slot 4 that includes a level-wise time-slotted distribution
segment followed by a random distribution segment repre-
senting two alternative approaches to distribute the estab-
lished sensor node network topology.
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To distribute the established sensor network topology, the
cluster heads may send “topology establishment packets™ to
cach node. The topology establishment packets may include,
for example, a defimition of the node’s children, 1ts currently
assigned parent or parents (nodes may optionally be assigned,
for example, i two different network topologies), 1ts poten-
tial parents, its node level, keys for pair-wise encryption,
frequency channels, timing information for supervision, and
a time stamp. The particular level of an individual node 1n the
new network topology may not be identical to 1ts respective
level 1n the temporary topology. In particular, for example, the
node, while physically within the reception range of a cluster
head may nonetheless be assigned to the second level of
nodes since such an arrangement may be desired for an over-
all optimized topology. In the level-wise time-slotted distri-
bution approach, the topology establishment packets may be
sent collectively to nodes at the same level within a time slot
reserved for that level. For instance, in FIG. 4A all nodes at
level 1 may be sent topology establishment packets 1n time
slot 4.1; all nodes at level 2 may be topology establishment
packets 1n time slot 4.2; and all nodes at level 3 may be sent
topology establishment packets at time slot 4.3. Alternatively,
in the random distribution approach, topology establishment
packets may be sent to nodes at any level within the overall
time slot 4.

To ensure proper establishment, active or passive link level
acknowledgement may be used. In addition, an optional end-
to-end acknowledgement from the nodes to the cluster heads
may also be supported.

Once established 1n the network, nodes may retire to the
active low power mode and await activation via a RF wakeup
signal. Throughout the life-time of the established network,
nearly all components of the nodes, except for those deemed
critical, such as, for example, a real-time clock of a battery-
operated node, may remain predominantly 1n a low power/
sleep mode so that their battery operation may be extended
(the average current draw, for example, may be within the uA
range). Periodically and/or during scheduled times, the com-
ponents may be activated (1.e., “woken up” from the low
power/sleep mode) to perform a task, such as, for example, to
perform a self-test or to monitor a RF channel. In particular,
a micro-controller may be woken up to perform self-test
routines (e.g., checking the battery status) or to take readings
from associated sensors. Alternatively, the RF channel may
be monitored during regular intervals, such as, for example,
every 100 to 1000 milliseconds, so that a proper low-latency
of message handling may be ensured. Should an 1rregularity
be discovered, the detecting node may 1ssue an alarm mes-
sage.

FI1G. 4B shows an exemplary method for monitoring a RF
channel. In steps 401, the sensor node 1s set 1n the active low
power mode. In step 402 to 404, a microcontroller of the
sensor node wakes up and activates a receiver component
which performs a receive-signal-strength indicator (RSSI)
measurement 1n a reserved “RFE wakeup channel”. If the RSSI
measurement 1s greater than a predefined threshold, then
according to step 405 the preamble 1s searched for a charac-
teristic RF wakeup sequence (e.g., an alternating sequence of
logic states: 1-0-1-0-1 .. . ), otherwise, according to step 406
the node returns to the active low power mode. If the charac-
teristic RF wakeup sequence 1s detected, then according to
step 407 a search 1s performed for a valid start sequence by
scanning one or more channels. Transmission of the charac-
teristic RF wakeup sequence may be segregated among mul-
tiple RF channels according to the type of function/task to be
performed, which may in turn be assigned relative priorities
so that particular functions/tasks may be monitored at differ-
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ent frequencies according to their respective required maxi-
mum latencies. Thus, the search for a valid search sequence
may be performed by scanning according to a predefined
priority, such as, for example, by scanning a channel dedi-
cated for alarm messages, then scanning a channel dedicated
for control messages, and then scanning a channel dedicated
for supervision messages.

If a valid start sequence 1s not found within a predefined
timeout period, the node returns to the active low power node,
otherwise 11 a valid start sequence 1s found then according to
step 408 the packet header 1s read to determine 1ts intended
recipient. If the packet 1s mtended for another node or 1s
invalid, then the packet 1s discarded and the node returns to
the active low power mode. Otherwise, 1f the packet 1s
intended for this node, then according to step 409 the packet
1s recerved and the appropriate task performed.

To ensure proper control of message handling within the
network, the messages may be distinguished according to one
or more priority classifications, such as, for example, a high
priority message and a low priority message. High priority
messages may be used to send commands from the cluster
head to the sensor node requiring immediate attention and/or
reaction, such as, for example, the arming/disarming of nodes
and the reprogramming node firmware. To send a high prior-
ity message, special “high priority control packets” may be
sent 1n unicast to a single node or 1n multicast to a group of
nodes. If sent 1n unicast, the high priority control packets may
include a time stamp, a specified path from the cluster head to
the target node, and a command to be executed at the target
node. If sent 1n multicast, the high priority control packets
may include a time stamp, a list of target nodes or target group
identifier, a list of forwarding nodes, and a command to be
executed at the target nodes. The high priority packets may be
preceded by a RF wakeup sequence. Additionally, acknowl-
edgements at the link level and/or end-to-end may be used.

FIG. 5 shows an exemplary message exchange diagram for
transmitting high priority control messages. As 1n previous
figures, the horizontal axis t represents time and the vertical
axis of the diagram represents the hierarchical order of net-
work elements. Likewise, the horizontal lines above the time
axis t represent specific mnstances of the network elements,
shading surrounding a horizontal line indicates the predomi-
nate activity or mode, and arrows represent RF message trans-
missions. However, unlike previous figures, the time axis t in
FIG. 5 represents an overall time slot 5 that includes a mul-
ticast transmission segment followed by a unicast transmis-
sion segment representing two alternative approaches to
transmit the high priority control messages.

In contrast to high priority messages, low priority mes-
sages may be used to 1ssue commands from the cluster head to
the sensor nodes that do not require immediate attention or
reaction, such as, for example, a command to switch links or
a command to update calibration factors. Unlike high priority
messages, low priority messages require no special packet
type. Instead, the message data 1s appended (1.e. “piggy-
backed”) onto one or more “supervision acknowledgment
packets” to be distributed from node to node during a super-
vision cycle. A supervision acknowledgement packet with
piggy-backed low priority message data may include a target
node or target group 1dentifier, a list of forwarding nodes, and
a command to be executed at the target nodes.

To ensure a low-latency transier of information from the
sensor nodes to the cluster head, a proper alarm message
handling may be performed wvia, for example, a directed
flooding approach or unicast approach. According to an
exemplary directed flooding approach, the alarm-generating
node may broadcast a wakeup sequence 1n a RF channel to
wake up nodes within the reception range of its broadcast.
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The broadcast should be suiliciently long so that all nodes
have adequate time to receive and process the wakeup
sequence. The minimum duration may depend, for example,
on the defined period of RF channel monitoring and how
precise the nodes are synchronized. Once the wakeup
sequence 1s broadcast, a series of “alarm packets” may then
be 1ssued, which may include, for example, the identifier of
the source node, its level, an alarm code, and optionally a time
stamp. Nodes at levels lower than the source node may for-

ward the alarm packets, preceded by a RF wakeup sequence,
to other lower level nodes. If desired, an indirect link-level

acknowledgement may be used to truncate the broadcast.

As an alternative to the directed tflooding approach, alarm
message handling may be performed in a unicast manner
based on a separately-defined “‘alarm topology” or sepa-
rately-defined “‘supervision topology”. According to an
exemplary unicast approach, the alarm-generating node, like
in the exemplary directed flooding method, may broadcast a
wakeup sequence 1na RF channel to wake up nodes within the
reception range of 1ts broadcast. As in the exemplary directed
flooding approach, the wakeup sequence broadcast should be
suificiently long so that all nodes have adequate time to
receive and process the wakeup sequence—the minimum
duration depending, for example, on the defined period of RF
channel monitoring and how precise the nodes are synchro-
nized. However, unlike the exemplary directed tlooded
approach, a single “alarm packet™ 1s then unicast to the parent
node of the intended target node. The parent node then for-
wards the message, preceded by the wakeup sequence, to the
intended target node. A retransmission of the alarm packet
may be attempted until an acknowledgement (either active or
passive) 1s recerved from the parent. I transmission of the
alarm packet 1s deemed unsuccessiul within a predefined
time-out period, the alarm message may be resent via a
directed tlooding approach.

FIG. 6 shows an exemplary message exchange diagram for
transmitting alarm messages. As 1n previous figures, the hori-
zontal axis t represents time and the vertical axis of the dia-
gram represents the hierarchical order of network elements.
Likewise, the horizontal lines above the time axis t represent
specific istances of the network elements, shading surround-
ing a horizontal line indicates the predominate activity or
mode, and arrows represent RF message transmissions. How-
ever, unlike previous figures, the time axis t in FIG. 6 repre-
sents an overall time slot 6 that includes a multicast transmis-
sion segment followed by a unicast transmission segment
representing two alternative approaches to transmit the alarm
messages.

To ensure proper functioming of the sensor nodes and to
maintain a commumnication path between them and the cluster
heads, supervision may be performed by the exchange of
“supervision packets” which may include, for example, status
information, appended (1.e., “piggy-backed) low-priority
messages, and an optional time stamp. Instead of an explicit
forwarding of positive results, however, the nodes may report
only mappropnate or potentially dangerous conditions to the
cluster heads at regular intervals as defined by, for example,
the supervision interval T.. During these intervals, the parent-
chuld relationship may be utilized so that every parent may
check 1ts children and vice versa. The supervision packets
may be actively acknowledged, which, i turn, may include
time stamps to update the real-time clocks maintained in
every node, as well as optional low-priority control messages.
As described earlier, one or more channels may be used for
supervision, which are separate, for example, from channels
used for alarm or control messaging.
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Supervision may be performed according to one or more
approaches. For example, supervision may be performed by a
level-based time slot approach, a parent-children level-based
time slot approach, or a parent-child level-based time slot
approach.

According to an exemplary level-based time slot approach,
the supervision mterval T may be divided 1nto n; equal time
slots, each commonly used by nodes belonging to a particular
level. For a particular time slot, each node belonging to a
higher level may unicast a supervision packet to its parent
node and await acknowledgement. If no acknowledgement 1s
received, the supervision packet may be retransmitted and 1
for a predefined number of retransmissions an acknowledge-
ment 1s still not received, a local reconfiguration may be
performed 1n an attempt to restore connectivity of the particu-
lar node by connecting to a “potential” parent node. Option-
ally, an additional attempt to transmit the supervision packet
may be performed in the next supervision cycle prior to
attempting a local reconfiguration.

Alternatively, according to an exemplary parent-children
level-based time slot approach, the supervision interval T
may be divided 1into n, equal time slots and then each time slot
may be further divided into slots reserved for a particular
parent as well as all of 1ts children. Within a particular slot,
cach child associated with the slot may unicast a supervision
packet to 1ts parent and await acknowledgement. If no
acknowledgement is recerved, the supervision packet may be
retransmitted and 1f for a predefined number of retransmis-
s1ons an acknowledgement 1s still not received, a local recon-
figuration may be performed 1n an attempt to restore connec-
tivity of the particular node by connecting to a “potential”
parent node. Optionally, an additional attempt to transmit the
supervision packet may be performed 1n the next supervision
cycle prior to attempting a local reconfiguration.

Alternatively, according to an exemplary parent-child
level-based time slot approach, the supervision interval T
may be divided 1nto n, equal time slots and then each time slot
may be further divided into slots reserved for particular par-
ent-child pairs. Within a particular slot, the according child
may unicast a supervision packet to 1ts parent node and awaits
acknowledgement. Alternatively, the child node may be
polled by its parent and may respond with an acknowledge-
ment. If no acknowledgement 1s recerved, the supervision
packet may be retransmitted and 11 for a predefined number of
retransmissions an acknowledgement 1s still not received, a
local reconfiguration may be performed in an attempt to
restore connectivity to the unacknowledging parent. Option-
ally, an additional attempt to transmit the supervision packet
may be performed in the next supervision cycle prior to
attempting a local reconfiguration.

As with each exemplary supervision approach, only nodes
involved 1n a particular time slot may be active, otherwise
those nodes not involved remain in the active low power
mode.

FIG. 7 shows an exemplary message exchange diagram for
transmitting supervision messages. As 1in previous figures, the
horizontal axis t represents time and the vertical axis of the
diagram represents the hierarchical order of network ele-
ments. Likewise, the horizontal lines above the time axis t
represent specific instances of the network elements, shading
surrounding a horizontal line indicates the predominate activ-
ity or mode, and arrows represent RF message transmissions.
However, unlike previous figures, the time axis t in FIG. 7
represents an overall time slot 7 that includes segmented time
slots representing only the parent-child-level-based approach
to transmit the supervision messages.
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To remain functional despite a RF-hostile and/or changing,
environment, the quality of all available links of the network
may be monitored (including, for example, links which are
currently maintained unassigned) in order to detect, for
example, slow and intermediate changes and to allow for
reconfiguration/adaptation. Such link quality monitoring
may be performed on a regular basis but significantly less
frequent, for example, than supervision (e.g., once per day).
Similar to the link and discover phase described earlier, each
node may broadcast a predefined number of “link assessment
packets” preceded by a RF wakeup sequence. The packets
may then be received by nodes within a transmission range as
defined, for example, within a range of detecting the packets
above a predefined threshold of transmission quality.

The link assessment packets may be used, for example, to
continuously update the statistics of all available links.
Should the quality of a particular link change more than a
predefined threshold quantity, nodes may forward the infor-
mation regarding the changed link status to the cluster heads
as data appended (.e. “piggy-backed”) onto supervision
packets. Additionally, information regarding energy reserves
may also be appended. Alternatively, the information regard-
ing the changed link status may be broadcast as alarm pack-
ets.

Link assessment packets may be transmitted, for example,
in a channel separate from the channels used to transmit alarm
or control packets. The separate channel may be shared 1n
conjunction with supervision.

Link quality monitoring may be scheduled such that each
node 1s assigned a certain number of time slots intersperseord
with the time slots reserved for supervision. The time slots
reserved for link quality moniting may be assigned so that
nodes within “hearing” range do not collide with each other.
The scheduling for link quality monitoring may be performed
at the cluster heads so that information regarding the reser-
vation of time slots may be distributed to the nodes during
establishment of the network topology.

Should areset of a sensor node occur (such as, for example,
a “watchdog timeout” reset or a “brown out™ reset), the sensor
network may perform a reconfiguration to recover relevant
information that may have been stored, for example, 1n vola-
tile memory and therefore lost during the reset. Such relevant
information may include, for example, the system time, the
resetting node’s parent, 1ts children, and assigned time slots
for supervision and/or link quality momitoring.

According to an exemplary reconfiguration method, the
sensor nodes may transmit “SOS packets” preceded by a RF
wakeup sequence to the neighbors of the resetting node. The
SOS packets may include, for example, a node 1dentifier and
a packet type. In response to the SOS packets, the receiving
nodes which are related to the resetting node (i.e., the parent
and/or children) may respond with packets including, for
example, their respective node identifiers, time stamp, and
time slot for supervision and link quality monitoring. The
SOS packets may be retransmaitted until the relevant informa-
tion 1s recerved or if a time-out 1s reached—optionally pre-
ceded by several RF wakeup sequences. IT a response 1s not
received from the parent within a predefined time-out period,
the SOS message may be re-broadcast as an alarm packet so
that the relevant reconfiguration information may be received
from the cluster head. However, 1f a response 1s not recerved
from one or more of the children within the time-out period,
the SOS message 1n not re-broadcast, but rather, it 1s assumed
the non-responding children will attempt to reconﬁgure via
the reset node (1.e., their parent) during the next supervision
cycle. Should this second attempt by the children during the
next supervision cycle fail to reconfigure the reset node, a
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second exemplary reconfiguration method may be performed
in response to the unsuccessiul supervision.

According to the second exemplary reconfiguration
method, a child node may attempt to restore connectivity to a
parent node that did not respond during supervision. To dif-
ferentiate whether a node or a link failure has occurred, the
cluster head may use information from the sensor nodes
regarding the unsuccesstul supervision cycle. If using the
level-based time slots approach or the parent-children level-
based time slots approach for supervision, the “lost” node
may attempt to contact its assigned parent or a “potential”
parent during its assigned supervision time slot. This process
may be repeated for several supervision cycles. Once success-
tully contacted, the potential parent may send information
regarding 1ts “temporary’ child to the cluster head as data
appended (1.e. “piggy-backed”) onto a supervision packet.
Should only any potential parents be reached after a pre-
defined number of supervision cycles, the cluster may deter-
mine a new parent for the lost node (not necessarily one of the
reached potential parents) so that a desired optimum network
topology may be maintained. The cluster head may then
transmit information regarding the new parent to both the lost
node and the new parent. Should neither a potential parent nor
the originally assigned parent be reached after the predefined
number of supervision cycles, the lost node may broadcast a
SOS message as an alarm packet in order to receive the
reconfiguration data from the cluster head.

According to a third exemplary reconfiguration method,
one or more nodes may perform a reconfiguration at a com-
mon predefined time 1n order to keep the network function
without interruption. In particular, the cluster heads may con-
tinuously re-compute the optimum network topology based
on information regarding, for example, a changed link quality
and/or a change 1n energy reserves at one or more the sensor
nodes. If a certain improvement over the current state of the
network may be achieved, such as, for example, a decreased
load beyond a predefined threshold at a sensor node or a
predefined increase 1n utilization of more reliable links, then
information regarding a change 1n conﬁguratlon may be sent
as low-priority control messages to the atfected nodes so that
they may adopt the new topology.

According to a fourth exemplary reconfiguration method,
the existing network may be extended with the introduction of
new nodes, which may be required, for example, to improve
the connectivity of the network or to add functionality (e.g., a
sensor or actuator) or to reduce the load 1in specific areas of the
network. To achieve the expanded reconfiguration, the unique
node 1dentifier and geographical location of the new node
may be recorded and installed, along with an exchanged of
the network encryption key if applicable. To determine a
proper location for the new node with the existing network
topology, one or more alternative approaches may be used.
The particular alternative approach may depend, for example,
whether the new node 1s to be included solely to add a func-
tionality to the system (e.g., a new door contact 1n a newly
installed door) or whether the new node 1s required to 1mme-
diately improve the network connectivity.

In a first exemplary approach to determine the proper loca-
tion for a new node solely included to add a functionality, the
new node, once installed, may broadcast a RF wakeup
sequence and then transmit a predefined number of “new
node packets”. These new node packets may include for
example, the node i1dentifier of the new node, 1ts node type,
and a packet type identifying the packet as a new node packet.
In response, all recerving nodes may build link quality statis-
tics for the new node based on the recerved new node packets
and then, after a predefined period of time, send response
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packets. These response packets may include, for example, a
node identifier of the responding node, its level, a lime stamp,
and relevant link quality data.

Once the response packets are recetved, the new node may
choose one of the responding nodes to be a temporary parent.
This choice may be based, for example, on the received link
quality data, which may include, for example, temporary link
quality statistics such as a unmidirectional link quality, node
level of the responding node, and received signal strength.
Once a temporary parent 1s chosen, the new node may for-
ward “registration packets” via this node to the cluster heads.
Inresponse, the cluster heads may respond to the new node by
sending a “topology establishment packet™ that may include,
for example, assigned time slots for supervision and link
quality monitoring. A more permanent link quality for all
links between the new node and 1ts neighbors may be derived
alter one or more link quality monitoring cycles. Updated link
quality data may be sent to a particular cluster head that
computes the more permanent topology and then distributed
back to the particular involved nodes.

In a second exemplary approach to determine the proper
location for a new node required to immediate 1mprove net-
work connectivity, the new node, once 1nstalled, may broad-
cast a RF wakeup sequence and then transmit a predefined
number of “new node packets”. These new node packets may
include for example, the node 1dentifier of the new node, 1ts
node type, and a packet type 1dentitying the packet as a new
node packet. In response, all recetving nodes may build link
quality statistics for the new node based on the received new
node packets and then, after a predefined period of time, send
response packets. These response packets may include, for
example, a node 1dentifier of the responding node, its level, a
time stamp, and relevant link quality data. Once received, the
new node may acknowledge each responding neighboring
node with a packet that may specity, for example, a sequence
number for determining when to start sending a sequence of
packets. In response, the neighboring nodes may each, in turn,
transmit a series of “link assessment packets™ according their
assigned sequence number. As such, the new node may imme-
diately derive bi-directional link quality statistics. Subse-
quently, the new node may choose one of the responding
nodes to be 1ts temporary parent and then forwards a “regis-
tration packet” including the derived bi-directional data for
all 1ts neighbors to the cluster heads via the chosen temporary
parent. In response, the cluster heads may send a “topology
establishment packet” to the new node, which may include,
for example, a node 1dentifier of a newly assigned permanent
parent for the new node, 1ts assigned children, and time slots
for supervision and link quality momitoring. As such, the
newly assigned parent may deduce from the forwarded packet
its new role as parent. The new node may then notify 1its
assigned children of regarding the change parental change of
the new node as their new parent, as well as new supervision
time slots for the children. In turn during the next supervision
cycle, the children may notify their “old” parents of the rela-
tionship change and begin supervision with new parent only.

Should a cluster head fail, the sensor network may perform
a reconfiguration to form a new topology without the failed
cluster head. According to a fifth exemplary reconfiguration
method, a new topology and new time slots may be re-com-
puted for those nodes affected by the failing cluster head.
However, since the cluster head network may have 1ts own
separate supervision and reconfiguration scheme, the sensor
node network may wait until the cluster head network 1tself
has properly reconfigured before re-computing new topology
data and time slots for any affected nodes. Thus, once the
cluster head network has re-computed a new topology for the
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remaining cluster heads, a new topology and new time slots
may be re-computed for the aflected sensor nodes and com-
municated to them wvia, for example, high priority control
messages.
What 1s claimed 1s:
1. A method to wirelessly network a sensor node, compris-
ng:
installing the sensor node 1n a sensor node network
arranged 1n a hierarchical manner with a plurality of
node levels and a cluster head network;
assigning a unique identifier to the sensor node;
initializing the sensor node network; and
the sensor node:
periodically entering an awake state;
activating a recetver component, the recetver component
performing a receiver-signal strength measurement 1n
a reserved channel;
determining 11 the strength measurement 1s greater than

a threshold;

responsive to the determination of the strength measure-

ment:

when the strength measurement 1s not greater than the
threshold, entering an active low power mode; and

when the strength measurement 1s greater than the
threshold, determining whether a wakeup sequence
1s icluded at a start of a message that has been
recerved; and

responsive to the determination of the wakeup
sequence:

when the wakeup sequence 1s included, maintaining
the awake state to perform a task for performance
of which the wakeup sequence was transmitted, the
task mncluding determiming 1intended recipients of
the message, and subsequently entering the active
low power mode, prior to a propagation of the
message to all node levels in the sensor node net-
work, once the task 1s complete; and

when the wakeup sequence 1s not included, entering
the active low power mode.

2. The method of claim 1, further comprising;

distributing an encryption key to the sensor node.

3. The method of claim 1, further comprising;

supervising the sensor node network with acknowledged

supervision packets to update a clock of the sensor node.

4. The method of claim 1, wherein a clock of the sensor
node 1s synchronized with respect to 1ts node level.

5. The method of claim 1, further comprising:

assigning the sensor node to a single one of the plurality of

node levels, wherein each of the nodes of the sensor node
network 1s assigned to a single respective one of the
plurality of node levels.

6. The method of claim 5, wherein the assignment of the
nodes to the respective node levels 1s 1n accordance with
respective power constraints of the nodes.

7. The method of claim 1, wherein each of the nodes of the
sensor node network 1s assigned to a respective one of the
plurality of node levels and each of the plurality of node levels
1s assigned a respective one of a plurality of communication
time slots.

8. A method for operating a sensor node network arranged
in a hierarchical manner with a plurality of node levels and a
cluster head network, comprising;

a sensor node:

periodically entering an awake state;

activating a recerver component, the receiver component
performing a receiver-signal strength measurement 1n
a reserved channel;
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determining 1f the strength measurement 1s greater than
a threshold:;
responsive to the determination of the strength measure-
ment:
when the strength measurement 1s not greater than the
threshold, entering an active low power mode; and
when the strength measurement 1s greater than the
threshold, determining whether a wakeup sequence 1s
included at a start of amessage that has been recerved;
and
responsive to the determination o the wakeup sequence:
when the wakeup sequence 1s included, maintaining the
awake state to perform a task for performance of
which the wake-up sequence was transmitted, the task
including determining intended recipients of the mes-
sage and transmitting the message to node levels 1n
the sensor node network that are lower than that of the
sensor node, and subsequently entering the active low
power mode prior to a propagation of the message to
all the node levels once the task 1s complete; and
when the wakeup sequence 1s not included entering the
active low power mode.
9. The method of claim 8, wherein the sensor node 1s
woken-up about one to four times per second.
10. The method of claim 8, wherein the step of transmitting
the message further includes:
transmitting a plurality of high-priority control packets.
11. The method of claim 10, wherein the high-priority
control packets are transmitted 1n multicast to nodes 1n sev-
eral of the node levels.
12. The method of claim 10, wherein the high-priority
control packets are transmaitted 1n unicast to a single node.
13. The method of claim 10, further comprising;:
piggy-backing only a low-priority message onto a super-
vision acknowledgement packet.
14. The method of claim 8, wherein the step of transmitting
the message further includes:
transmitting a plurality of alarm packets.
15. The method of claim 14, wherein the alarm packets are
transmitted via a directed flooding approach.
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16. The method of claim 15, wherein:

the wakeup sequence 1s broadcast prior to transmitting the

alarm packets; and

the wakeup sequence and alarm packets are forwarded to

the cluster head network via an intermediate sensor
node.

17. The method of claim 8, wherein the step of transmuitting
the message further includes:

transmitting an alarm packet in unicast via a separately-

defined topology.

18. The method of claim 8, wherein the step of transmitting
the message further includes:

transmitting a plurality of supervision packets via one of a

level-based time slot approach, a parent-children level-
based time slot approach, and a parent-child level-based
time slot approach.

19. The method of claim 18, wherein the supervision pack-
ets are sent about once per hour.

20. The method of claim 18, wherein the supervision pack-
ets are sent 1n a periodic manner.

21. The method of claim 8, wherein the step of transmitting,
the message further includes:

transmitting a plurality of link assessment packets.

22. The method of claim 21, wherein the link assessment
packets are transmitted 1n an RF channel separate from at
least one of alarm packets and control packets.

23. The method of claim 21, wherein the link assessment
packets are transmitted once per day.

24. The method of claim 8, wherein the step of transmitting,
the message turther includes:

transmitting a new node packet.

25. The method of claim 8, wherein the step of transmitting,
the message further includes:

transmitting a new node packet.

26. The method of claim 8, wherein the step of transmitting,
the message further includes:

transmitting a registration packet.
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